In the present paper we report utilization of porous and barrier type of titania films formed by anodic oxidation as an active layer of the memristive element in the Au-TiO 2 -Ti structure. The comparison of semiconductor properties of porous and barrier type of anodic titania was performed via the Mott-Schottky technique. The obtained memristive elements show the bipolar type of switching governed by Schottky barrier screening. For barrier type film the switching potential is equal to −1.5 V and the ratio of resistance in OFF and ON stage (R of f /Ron) is equal to 34. For porous type films, the switching potential is equal to −0.6 V and R of f /Ron = 131. Moreover, we observed the dependence of R of f /Ron on the voltage sweeping rate, which can be explained by the limitation in diffusion of oxygen vacancies through the oxide layer.
Introduction
Memristive phenomena is one of the most promising way to form non-volatile and magneto-independent information storage devices. A memristor is a circuit element which can be switched between a high resistance state (HRS) and a low resistance state (LRS) by applying a switching potential. A memristor possesses the layered structure in which a semiconductor layer is sandwiched between two metal contacts. Different types of non-stoichiometric oxide semiconductors are often used as an active layer of a memristor. In thin semiconductor films, unipolar mechanism of switching is realized by the formation of ionic, vacancy and metal filaments [1] [2] [3] . In thick films, a bipolar resistive switching mechanism is realized due to increasing of defect concentration (for example, oxygen vacancies) near one of the electrode under an applied electric field, which leads to the screening of the Schottky barrier at the metal-oxide interface. The formation of the Schottky barrier occurs in the case of the formation of the space charge region -semiconductor's ionized donors or acceptors. Typically, memristive elements are assembled as the prototypes of memory storage devices using cross-bar architecture [4, 5] . This means that the active layer of a memristor should be formed via techniques which are compatible with the techniques typically used for the manufacturing of semiconductors and electronic devices, such as photolithography, magnetron sputtering, reactive-ion etching, and so on. Anodic oxidation of valve metals appears to be one of promising method for the formation of the memristor active layer due to its compatibility with the photolithography [6] and magnetron sputtering [7] and possibility to control the thickness and the stoichiometry of a formed film [8] [9] [10] .
Anodic titania is an n-type semiconductor with a chemical composition of TiO 2−x , where high mobility oxygen vacancies exist [11, 12] . By anodization of titanium in non-dissolving electrolytes (such as aqueous solution of Na 2 B 4 O 7 , ammonium tartrate, etc.) nonporous dense film with thickness of up to one micron can be formed [13, 14] . Anodization in fluorine-containing electrolyte leads to the formation of a self-organized porous film, which consists of vertically oriented nanotubes. Nanotube geometry depends on an applied voltage, current mode and electrolyte composition [15] [16] [17] . Because of its unique porous structure, anodic titania is widely used in photocatalysis and photochromic systems [18, 19] , biomedical applications [20] , gas sensors [21, 22] and pigment preparation [23] . At the same time, the study of memristive properties was performed only in the few articles [24] [25] [26] . However, anodic oxidation technique allows to form amorphous highly non-stoichiometric titania, which can be considered as a promising active layer for memristive elements. That's why in the present work we compare two types of anodic titania: a porous film formed in fluorine-containing electrolyte and a non-porous film formed in boron-containing electrolyte. The microstructure and semiconductor properties of titania films are characterized. Finally, the resistive switching behavior of Au/TiO 2 /Ti memristive device is studied.
Experimental

Sample preparation
Titanium foil (0.25 mm thick, 99.9 % purity) was used as a starting material for the preparation of memristive structures. Before anodization, initial titanium foil was chemically polished in the mixture of 80 vol. % of H 2 O 2 and 20 vol. % of saturated HF. After chemical polishing, the sample was repeatedly washed with deionized water and dried at ambient temperature in air.
For preparation of the porous anodic titania film, the synthetic approach early described in [27, 28] has been used. The anodization of the titanium foil was carried out in a two-electrode cell in solution containing 10 g/L NH 4 F and 10 vol. % of H 2 O in ethylene glycol at a constant voltage of 60 V. The thickness of the obtained film was controlled by passing the required charge through the cell. Preparation of the barrier type anodic titania films was carried out in a galvanostatic regime with a current density of 0.2 A/cm 2 with a voltage limit of 60 V in 0.16 M solution of Na 2 B 4 O 7 . After anodization, all samples were repeatedly washed with ethanol and water and dried under an air stream.
The top metal contact was sputtered on the anodic titania surface by magnetron sputtering on a Quorum Technologies Q150T ES setup.
Sample characterization
Microstructure of the obtained samples was characterized by scanning electron microscopy (Leo Supra 50VP). Mott-Schottky analysis was performed for the determination of a conductivity type and a charge current density using electrochemical impedance spectroscopy [29] [30] [31] [32] with a Solartron SI 1287 potentiostat. Experiments were conducted in 0.5 M H 2 SO 4 and a DC potential range from −0.5 to 0.8 VSCE with a potential step of 50 mV at the constant frequencies of 10 Hz, 50 Hz, and 100 Hz for an amplitude of 5 mV. The dependence of a semiconductor layer capacitance vs. DC potential was used for the determination of a conductivity type and for the calculation of charge carrier concentration. The capacitance of the semiconductor layer was calculated according to following equation:
where S -sample area, f -frequency, Z im -the imaginary component of the impedance. Solid-state current-voltage (I-V ) and current-time (I-t) (memristive behavior) dependencies were obtained on an Autolab PGSTAT302N potentiostat.
Results and discussions
Microstructure
The microstructure of the obtained films was characterized via scanning electron microscopy ( Fig. 1) . According to SEM data, the surface of the sample obtained in Na 2 B 4 O 7 electrolyte was dense and nonporous (Fig. 1a) . We were unable to determine the thickness of the formed film by microscopy, that's why we used Fabri-Perot interferometric analysis for the film thickness determination. The barrier film thickness determined from optical spectra is equal to 250 nm. At the same time, anodization in fluorine-containing electrolyte led to the formation of a highly-organized porous layer with a pore diameter of 80 ± 10 nm. The thickness of the porous film was equal to 500 nm and the required thickness was obtained by passing the charge density of 0.88 Q/cm 2 . The correlation coefficient between the thickness of the obtained film and the passed charge density determined in the set of experiments was equal to 0.4 µm/(Qcm 2 ). Both oxidation conditions led to the preparation of uniform amorphous films without cracks on the surface of titanium. Moreover, the preparation technique provided the presence of bottom contact between metallic titanium and titanium dioxide film.
Mott-Schottky analysis
The Mott-Schottky behavior both for the barrier and porous type of anodic titania is in accordance with expected behavior of n-type semiconductor: increasing of the anodic bias above the flat band potential leads to decreasing of the semiconductor layer capacitance. This can be explained due to the repulsion of electrons from generated electron-hole pairs to the bulk of semiconductors, which leads to the formation of the positively charged space charge region at the surface of the semiconductor. It should be noted that for the barrier type of anodic titania, the Mott-Schottky curve contains only one linear region (Fig. 2a) , at the same time, the curve for porous anodic titania contains two linear regions with different slope (Fig. 2b) From the slope of Mott-Schottky curve, the charge carrier density was calculated according to the following equation:
where C -the capacitance of semiconductor layer, N d -charge carrier density, ε -semiconductor dielectric constant, E f b -flat band potential. The calculated value of the charge carrier density for the barrier layer type anodic titania is 6.7 · 10 19 cm −3 . For the porous type anodic titania, the calculation of the charge current density was performed from the first linear region (from −0.1 to 0.4 V). The calculated value -3.0 · 10 20 cm −3 is 3 -4 times higher in comparison with the value obtained for barrier type. This can be explained by the presence of additional donor stages formed by the absorbed anions.
Memrisitve behavior of formed structures
For the preparation of Schottky barrier-type memristor we should choose the top electrode with the work function higher than the work function of titania. It can be gold or platinum electrodes. At the same time, the bottom contact formed on the TiO 2 /Ti interface during anodization is non-rectifying contact because the work function of Ti (4.3 eV) is lower than that of TiO 2 (4.9 eV) [36, 37] . We measured the I-V curves for two different systems Cr/TiO 2 /Ti where both contacts were non-rectifying (Cr work function is 4.5 eV) and Au/TiO 2 /Ti where the top contact was rectifying. The Cr/TiO 2 /Ti system exhibits ohmic behavior, whereas the I-V curve for Au/TiO 2 /Ti has a typically rectifying characteristic (Fig. 3) . The resistive switching behavior of Au/TiO 2 /Ti structures both with the porous (Fig. 3a) and barrier (Fig. 3b ) type of anodic titania was studied using cyclic voltammetry. The I-V curve characteristic for both type of memristors shows bipolar resistive switching behavior. Bipolar resistive switching behavior and the formation of a symmetric ohmic contact in the case of Cr/TiO 2 /Ti structure and a Schottky junction in the case of Au/TiO 2 /Ti allow us to conclude that the Schottky barrier screening is the main mechanism of switching between resistance stages. The Schottky barrier screening occurs due to diffusion of oxygen vacancies to the Au/TiO 2 interface under negative applied bias. The formation of oxygen vacancies in the titania structure can be described by the following quasi-chemical equation:
where O
··
O is the oxygen on the TiO 2 lattice, and V
O is a positively charged oxygen vacancy. This reaction also explains the n-type conductivity of TiO 2 . Moreover, the mobility of oxygen vacancies in TiO 2 is quite high [38] , so we expect that the diffusion of oxygen vacancies to the Au/TiO 2 interface leads to the screening of Schottky barrier.
The memristor with barrier type of oxide film switches to LRS at the negative polarity U < −1.3 V and reverse switching to HRS at the positive polarity U > 1.4 V (in following discussion the polarity is equal to polarity of the top gold electrode). For the porous type of anodic alumina, switching to LRS occurs at a negative polarity at the voltages in range from −0.6 to −0.8 V (depending on the voltage sweeping range) and reverse switching to HRS occurs at the positive polarity 0.6 ÷ 0.8 V.
Average slope values of the I-V curves were used for the calculation of the specific resistivities (ρ) for high and low resistance stages (Fig. 4) . For the barrier type of anodic titania the calculated specific resistivities are 285 ± 5 Ω·m (LRS) and 6700 ± 100 Ω·m (HRS), which corresponds to R of f /R on = 23.5. For the porous anodic titania the corresponding values of the specific resistance are equal to 20 ± 5 Ω·m LRS) and 250 ± 5 Ω·m (HRS), and R of f /R on = 12.5. It should be noted that for the porous type of anodic alumina the resistivity ratio between on and off stages depends on the voltage sweeping rate. Measured off/on resistance ratios were equal to 131, 12.5 and 10.8 for sweeping rates 1, 10 and 50 mV/s, respectively. This dependence can be explained by the limitation in the diffusion of oxygen vacancies throughout the oxide layer: decreasing the voltage-sweeping rate leads to an increase in the duration of a potential influence. This leads to an increase in the quantity of the oxygen vacancies diffused to the Au/TiO 2 interface and to an increase in the degree of the Schottky barrier screening.
The difference between the resistivities in high resistance stage for the porous and barrier type of anodic titania films can possibly be explained by the different stoichiometry of the formed oxide film. It is well known that the conductivity of titania strongly depends on oxygen stoichiometry [39] . Oxidation in the ethylene-glycol electrolyte, containing F − ions leads to the formation of a non-stoichiometric oxide with intermediate oxidation states [12] , whereas oxidation in non-dissolving electrolytes leads to the formation of titania films with chemical composition closer to a stoichiometric TiO 2 [40] . Moreover, the concentration of charge carriers for the barrier and porous types of anodic titania measured using the Mott-Schottky technique also proves that the porous film should have higher conductivity. To determine the stability of low resistance stage of the formed memristors, we measured the chronoamperometric curves of binary on-off operations (Fig. 5) . The measurement was performed by applying SET potential −0.8 V for 30 s, then -READ potential −0.2 V for 30 s followed by applying RESET potential of 0.6 V for 30 s and READ potential. Applying a SET potential led to switching the memristor to LRS, and applying a RESET potential leads to switching the memristor to HRS. The values of resistance in HRS and LRS were quite stable during the 110 cycles. At the same time, applying a potential lower than SET potential (−0.4 V) didn't lead to resistance switching -the sample stay in high resistance stage (Fig. 5b) . 
Conclusions
In the present work, anodic titania films of porous and barrier type were formed by anodic oxidation in fluorine-containing and boron-containing electrolytes respectively. Comparison of the semiconductor properties of the formed films was performed via the Mott-Schottky technique. It was shown that both type of films exhibit the n-type conductivity, whereas the charge carrier density in the case of the porous titania film was higher than that of the barrier type film. This can be explained by the presence of local donor impurity levels, which were formed by fluorine-ion impurities absorbed during anodization.
The obtained memristive elements show the bipolar type of switching governed by Schottky barrier screening. For the barrier type film, the switching potential is equal to −1.5 V and the ratio of resistivity in high and low resistance stage is 34. For the porous type film, the resistance strongly depends on the voltage sweeping rate, and the highest value of R of f /R on is equal to 131, switching potential is equal to −0.6 V. This dependence can be explained by the limitation in diffusion of oxygen vacancies throughout the oxide layer. At the same time, memristive element based on barrier type film ofanodic titania exhibits higher switching stability (more than 1000 cycles), has the structure with lower defect concentration and is more suitable for the application as a cell in memory storage devices.
